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Although limiting energy availability extends lifespan in
many organisms, it is not understood how lifespan is
coupled to energy levels. We find that the AMP:ATP
ratio, a measure of energy levels, increases with age in
Caenorhabditis elegans and can be used to predict life
expectancy. The C. elegans AMP-activated protein ki-
nase � subunit AAK-2 is activated by AMP and functions
to extend lifespan. In addition, either an environmental
stressor that increases the AMP:ATP ratio or mutations
that lower insulin-like signaling extend lifespan in an
aak-2-dependent manner. Thus, AAK-2 is a sensor that
couples lifespan to information about energy levels and
insulin-like signals.
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Interventions that limit energy availability extend
lifespan in an array of organisms (Weindruch and Sohal
1997; Osiewacz 2002; Tissenbaum and Guarente 2002).
A common method to limit energy is dietary restriction,
which leads to lifespan extension in organisms as diverse
as yeasts, nematodes, and rodents (Lakowski and Hekimi
1998; Longo and Finch 2003). However, little is known
about how aging is coupled to information about the
energy state of the animal.

In humans, aging is accompanied by an increase in
mitochondrial dysfunction in muscle (Petersen et al.
2003), which is expected to lower cellular energy levels.
Similarly, senescent human fibroblasts have a higher
AMP:ATP ratio, a sensitive measure of energy levels,
than do young fibroblasts (Hardie and Hawley 2001;
Wang et al. 2003). We speculated that animals actively
sense changes in energy levels and respond by adjusting
their lifespan. To investigate this possibility, we studied
the role of an AMP-activated protein kinase (AMPK) in
the regulation of lifespan in Caenorhabditis elegans.

AMPK belongs to a conserved family of eukaryotic
protein kinases that function as energy sensors to coor-
dinate the response to conditions that lower energy lev-

els (Hardie and Hawley 2001). For example, when energy
availability is limited in rodents, AMPK functions to re-
store normal energy levels by stimulating glucose uptake
in skeletal muscle and glycolysis in the heart and by
promoting feeding by regulating a hypothalamic circuit
(Marsin et al. 2000; Mu et al. 2001; Andersson et al. 2004;
Minokoshi et al. 2004). AMPK is activated by AMP and
inhibited by ATP via an allosteric mechanism. Thus,
AMPK is a sensor of low energy levels and becomes ac-
tive when the AMP:ATP ratio is high. AMPK is a het-
erotrimeric complex that consists of a catalytic � sub-
unit and regulatory � and � subunits. Here, we report
that the C. elegans AMPK � subunit AAK-2 is activated
by AMP and functions to extend lifespan. We find that a
high-temperature pulse (HTP), an environmental stres-
sor that lowers energy levels, extends lifespan and lowers
fertility in an aak-2-dependent manner. Insulin-like sig-
naling regulates lifespan in C. elegans, Drosophila, and
rodents (Tissenbaum and Guarente 2002); and we find
that aak-2 and daf-16/FOXO function in parallel to me-
diate the lifespan extension of daf-2/Insulin-like Recep-
tor mutants. Together, our findings indicate that AAK-2
is a sensor that couples lifespan to information about
energy levels and insulin-like signals.

Results and Discussion

To investigate whether changes in energy levels are part
of the normal aging process in C. elegans, we first mea-
sured the AMP:ATP ratio as a function of age. The AMP:
ATP ratio in living animals increases from <0.1 at day 4
of adulthood to 0.8 at day 18, an age near the maximum
lifespan of the population (Fig. 1A; Supplementary Table
2). Since the AMP:ATP ratio changes with age, we also
asked whether the AMP:ATP ratio is correlated with life
expectancy. We recorded the survival of a parallel group
of animals and then derived the life expectancy for ani-
mals at each age. Linear regression indicated a strong
correlation between AMP:ATP ratio and life expectancy
(Fig. 1D). Based on this observation, we asked whether
differences in AMP:ATP ratio among animals of the
same age may serve as a predictor of life expectancy.
Aging populations are phenotypically heterogeneous due
to stochastic events (Herndon et al. 2002). Among ani-
mals of the same age, those that display spontaneous
movement (Class I) live longer than those that move
only in response to prodding (Class II) (Herndon et al.
2002). We divided living animals into these two classes
at days 12 and 14 of adulthood. These groups of animals
were then subdivided to measure either the AMP:ATP
ratio or lifespan. We found that Class I animals have a
lower AMP:ATP ratio than Class II animals and, as ex-
pected, live longer (Fig. 1B,C). We used the observed AMP:
ATP ratios of Class I and Class II animals to predict life
expectancy using the fit previously derived by linear re-
gression (Fig. 1D). The predicted life expectancies of
Class I and Class II animals closely match the experi-
mental observations (Fig. 1D; for example, among 12-d-
old adults, Class I: 4.3 d predicted, 4.1 d observed; Class
II: 1.0 d predicted, 1.3 d observed). Therefore, differences
in the AMP:ATP ratio reflect the effect of stochastic
events on lifespan. It would be interesting to determine
if the AMP:ATP ratio correlates with life expectancy in
other organisms, including humans. Predictors of life ex-
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pectancy such as the AMP:ATP ratio may be useful clini-
cally as predictors of susceptibility to age-dependent dis-
eases, such as Alzheimer’s and cardiovascular disease.

Since energy levels decrease with age and predict life
expectancy in C. elegans, a mechanism that senses en-
ergy levels may function to regulate lifespan. One pos-
sible candidate is the AMPK complex (Hardie and Haw-
ley 2001). We identified two AMPK� subunit homologs
in C. elegans, AAK-1 and AAK-2, which are 52% and
40% identical to human AMPK�1, respectively, and are
also related to the invertebrate SNF1 proteins (Fig. 2A;
Supplementary Fig. 1). The kinase domains of AAK-1
and AAK-2 share 80% and 71% amino acid identity, re-
spectively, with the kinase domain of the human
AMPK�1 subunit, including conservation of a critical
threonine residue whose phosphorylation is required for
AMPK activation (Hardie and Hawley 2001). While pre-
liminary evidence suggests that aak-1 does not appear
to be required for the control of lifespan (data not
shown), aak-2(ok524) mutants have a 12% shorter

lifespan than wild-type animals (Fig. 2B). Moreover, a
lipofuscin-like fluorescent pigment that accumulates in
an age-dependent manner in the intestine (Garigan et al.
2002; Herndon et al. 2002) accumulates at a faster rate in
aak-2 mutants than in wild-type animals (Fig. 2C). aak-2
mutants appear otherwise healthy since they move, feed,
and defecate normally (Supplementary Fig. 2). Together,
these results suggest that the shortened lifespan of the
aak-2 mutant is due to accelerated aging. In addition,
transgenic animals with a higher aak-2 gene dose live on
average 13% longer than controls (Fig. 2B). Thus, the
aak-2 gene regulates lifespan in a dose-dependent man-
ner.

To determine whether AAK-2 possesses AMPK activ-
ity, we asked whether it can phosphorylate a classical
AMPK substrate, the SAMS peptide, and whether it is
regulated by AMP and phosphorylation (Davies et al.
1989; Stein et al. 2000). An AAK-2–GFP fusion protein
immunoprecipitated from C. elegans extracts phos-
phorylates the SAMS peptide. Moreover, its kinase ac-
tivity is increased by a factor of three by AMP, with a
half-maximal effect at 2.3 µM (Fig. 2D). Immunoprecipi-
tates from control GFP transgenic animals do not show
SAMS kinase activity (data not shown), indicating that
the kinase activity of AAK-2–GFP is due to AAK-2. We
also found that treatment of AAK-2–GFP with protein
phosphatase-1 reduces the kinase activity by 90%
(Fig. 2E). This indicates that AAK-2 is normally activated
by phosphorylation, and that phosphorylation is neces-
sary for AAK-2 activity even in the presence of AMP.
Thus, AAK-2 exhibits the hallmarks of an AMPK (Hardie
and Hawley 2001).

We also studied the role of aak-2 in the context of
other conditions that affect lifespan. In many organisms,
lifespan can be extended by a sublethal dose of a stressor
early in life (hormesis) (Minois 2000). In C. elegans,
treatment early in life with a pulse of high temperature,
high oxygen pressure, or oxidative stress extends lifespan
(Cypser and Johnson 2002). We asked whether environ-
mental stressors influence the AMP:ATP ratio. Exposure
of C. elegans to high temperature, starvation, or mito-
chondrial poisoning causes an increase in the AMP:ATP
ratio, which is reversed upon return to normal growth
conditions (Fig. 3A). Thus, the AMP:ATP ratio changes
in response to the presence of environmental stress. We
then determined whether the hormetic effect of high
temperature on lifespan requires aak-2 activity. Prefer-
tile 1-h-old wild-type adults exposed to an HTP of 35°C
for 2 h live ∼30% longer than untreated controls (Fig. 3B).
In contrast, the same treatment does not affect the
lifespan of aak-2(ok524) mutants (Fig. 3B). Therefore,
aak-2 is required for the lifespan extension caused by
high-temperature stress. We propose that the increase in
the AMP:ATP ratio that follows high-temperature stress
leads to lifespan extension by increasing AAK-2 activity
(Fig. 4C). As the lifespan increase outlasts by many days
the transient increase in AMP:ATP ratio that occurs
early in adulthood, it is likely that the “molecular
memory” of the stressor is mediated by AAK-2 phos-
phorylation of downstream targets.

We reasoned that the inability to sense and respond to
stress-induced increases in the AMP:ATP ratio may ren-
der aak-2 mutants less able to cope with stress. Indeed,
aak-2(ok524) mutants are more sensitive than wild-type
animals to killing by either high temperature (Fig. 3C) or
mitochondrial poisoning (Fig. 3D). We also measured the

Figure 1. The AMP:ATP ratio predicts life expectancy. (A) Survival
curve and increasing AMP:ATP ratio with age. fem-1(hc17); fer-
15(b26) animals were grown at 25°C; their lack of sperm at this
temperature facilitates growing a large number of animals. In par-
allel cultures, either the number of surviving animals or adenine
nucleotide measurements were recorded at the times indicated. (B)
AMP:ATP ratios of 12- and 14-d animals divided based on their
motility. “Not selected” represents a group of animals that was not
separated based on motility. *P < 0.01 and †P < 0.0001, compared
with “not selected”; #P < 0.0001 compared with Class I (unpaired
t-test). (C) Survival curves of 12-d Class I or Class II or “not selected”
animals based on motility. Similar data were obtained for 14-d ani-
mals. For statistical data on lifespans see Supplementary Table 1. (D)
Least squares regression of the AMP:ATP ratio as a function of life
expectancy of animals described in A. The age of “not selected”
animals is noted next to the data points. The fit and R2 values were
determined from “not selected” animals only. Twelve- and four-
teen-day Class I and Class II animals were plotted on this graph
according to AMP:ATP ratio and life expectancy (measured in B,C);
actual life expectancy closely correlated with values predicted based
on AMP:ATP ratio. The increase in the AMP:ATP ratio with age is
not due solely to an increase in the fraction of Class II relative to
Class I animals, because the AMP:ATP ratio of day-12 Class I ani-
mals is higher than that of day-4 animals, which are all Class I
(P < 0.0001, unpaired t-test).
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effect of high-temperature stress on progeny production.
Treatment of prefertile 1-h-old wild-type adults with an
HTP causes an 82% decrease in fertility (Lithgow et al.
1994; Fig. 3E). In contrast, aak-2(ok524) mutants show
only a 40% decrease in fertility under those conditions
(Fig. 3E). Therefore, exposure to an HTP results in
lifespan extension and a decrease in fertility, and these
processes are dependent upon aak-2. These results are
consistent with the “disposable soma” theory of aging,
which predicts that animals have a machinery that ac-
tively executes a trade-off between lifespan and fertility
under energy-limiting conditions (Kirkwood et al. 2000).

We propose that AAK-2 is an energy sensor for that ma-
chinery, since AAK-2 activity directly responds to
changes in the AMP:ATP ratio.

We also asked whether aak-2 plays a role in the insu-
lin-like signaling pathway that regulates lifespan (Tis-
senbaum and Guarente 2002). Reduction-of-function
mutations affecting the insulin-like receptor DAF-2 ex-
tend lifespan (Kenyon et al. 1993). We measured the
lifespans of aak-2(ok524) mutants and daf-2(m577) mu-
tants, as well as daf-2(m577); aak-2(ok524) double mu-
tants. daf-2(m577); aak-2(ok524) double mutants have
lifespans that are indistinguishable from those of aak-
2(ok524) single mutants (Fig. 4A). Double mutants of
aak-2(ok524) and stronger daf-2 reduction-of-function
alleles also have shortened lifespans compared with
daf-2 single mutants (Supplementary Fig. 3), although
they live longer than aak-2(ok524) single mutants.
Therefore, aak-2-independent as well as aak-2-depen-
dent mechanisms are required to produce the exception-
ally long lifespans of daf-2 mutants.

We also examined the role of aak-2 in the regulation
of dauer formation, another process regulated by the in-
sulin-like signaling pathway. At high temperature, juve-
nile daf-2 mutants enter a state of diapause (called
“dauer”) instead of growing into fertile adults (Riddle
and Albert 1997). Rather than arresting as dauers, the
daf-2; aak-2 double mutants grow into fertile adults at
25°C (Fig. 4B). These results indicate that aak-2 pro-
motes lifespan extension and dauer formation in insulin-
like pathway mutants (Fig. 4C). Because the AMP:ATP
ratio in daf-2 mutants is identical to that of wild-type
animals (Table 1), the mechanism by which daf-2 mu-
tants extend lifespan must be independent of the AMP:
ATP ratio.

Figure 2. AAK-2 has kinase activity and functions to extend
lifespan. (A) Phylogenetic analysis of the AAK-1 and AAK-2 se-
quences. Additional sequences used were hAMPK�1 (GI:20178277),
hAMPK�2 (GI:20178276), DmSNF1A (GI:17137472), AtSNF1 (GI:
30678280), and ScSNF1 (GI:6320685). Bar is 0.1 substitutions per
site. (B) Survival curves of animals with decreased, normal, or in-
creased aak-2 gene dosage. For statistical data see Supplementary
Table 1. (C) Representative pictures and quantification of fluores-
cence in the anterior intestine as a function of adult age and geno-
type (400-msec exposures; bar is 50 µm; anterior is left, dorsal is up).
*P < 0.0001; otherwise P > 0.05 (unpaired t-test). (D,E) Measure-
ments of kinase activity in AAK-2–GFP immunoprecipitates using
the SAMS peptide assay. (D) Increasing the AMP concentration
leads to an increase in kinase activity. (E) Treatment with protein
phosphatase-1 greatly reduces kinase activity. *P < 0.0001 com-
pared with no treatment (unpaired t-test).

Figure 3. Effect of stress on wild-type and aak-2 mutants. (A)
AMP:ATP ratio in wild-type animals under normal and stressful
conditions. Comparison of stress condition with normal growth (*),
and comparison of stress condition with reversal of stress (†). * and
†, P < 0.01; ** and ††, P < 0.0001 (ANOVA). (B) Effect of a high-
temperature pulse on the lifespans of wild-type animals and aak-
2(ok524) mutants. (HTP) Pre-fertile 1-h-old adults exposed for 2 h to
35°C. For statistical data see Supplementary Table 1. (C) Survival of
animals cultured at 35°C. aak-2(ok524) animals have 28% shorter
lifespans than wild type (P < 0.0001, logrank test). aak-2(RNAi) ani-
mals also have short lifespans at 35°C compared with control ani-
mals (data not shown). (D) Sensitivity to killing by 1 mM sodium
azide for 18 h. *P < 0.0001 compared with wild type (unpaired t-
test). No untreated control animals of either genotype died after 18
h (data not shown). (E) Effect of a high-temperature pulse (2 h for
35°C) on the brood sizes of wild-type animals and aak-2(ok524)
mutants. P < 0.0001 for all pair-wise comparisons (ANOVA).
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The FOXO transcription factor DAF-16 is required for
the lifespan extension of insulin-like pathway mutants
(Kenyon et al. 1993; Tissenbaum and Guarente 2002). If
aak-2 extends lifespan solely by activating daf-16 or me-
diating its activity, then absence of aak-2 activity should
not further reduce the lifespans of daf-16(mu86) null
mutants (Lin et al. 1997). Instead, daf-16(mu86); aak-
2(ok524) double mutants have 15% shorter lifespans
than either single mutant (Fig. 4A). Therefore, aak-2 is
able to influence lifespan in a daf-16-independent man-
ner. These findings indicate that both daf-16 and aak-2
are required for the lifespan extension of daf-2 mutants,
and that they act in parallel to influence lifespan (Fig.
4C).

Recent studies have shown that the LKB1 kinase, a
tumor suppressor implicated in a broad range of cellular
processes, can activate AMPK by direct phosphorylation
(Hawley et al. 2003; Woods et al. 2003; Shaw et al. 2004).
The C. elegans homolog of lkb1, par-4, plays a role in the
regulation of cell polarity in the early embryo (Watts et
al. 2000). We asked whether par-4, like aak-2, also plays
a role in the regulation of lifespan and dauer formation.
Because par-4 mutants die during early embryogenesis,
we used the temperature-sensitive par-4 allele it47 to
bypass the embryonic requirement for par-4 activity. We
found par-4(it47ts) partially suppresses the lifespan ex-
tension and dauer-constitutive phenotypes of daf-
2(e1368) mutants (Supplementary Fig. 4). PAR-4 and
AAK-2 may function in a common pathway, consistent
with PAR-4 activation of AAK-2, since par-4 and aak-2
mutants cause similar post-embryonic phenotypes.

Our findings highlight AAK-2 as a key component of a
circuit in C. elegans that regulates lifespan in response
to environmental stressors and insulin-like signaling
(Fig. 4C). This circuit also may be influenced by signals
from sensory neurons and the reproductive system, as

these inputs modulate the activity of the insulin-like
signaling pathway (Apfeld and Kenyon 1999; Hsin and
Kenyon 1999). Of note, a similar circuit has been de-
scribed in the rat heart, where insulin prevents AMPK
from being activated by the lower energy levels that oc-
cur following ischemia or anoxia (Beauloye et al. 2001).
Identification of the targets of AAK-2 phosphorylation
will be informative in uncovering the mechanism by
which AAK-2 extends lifespan. The regulation of life-
span by this circuit may be evolutionarily conserved
since many of its components regulate lifespan in other
organisms (Tschape et al. 2002; Tatar et al. 2003). This
circuit may have evolved to allow the animal to make an
optimal use of its energy resources early in adulthood
when reproduction occurs, an idea consistent with the
“disposable soma” theory of aging (Kirkwood et al.
2000). We propose that AAK-2 coordinates this process
by integrating information from the AMP:ATP ratio and
insulin-like signaling. As a result, the lifespan of the ani-
mal can be adjusted in response to a wide range of physi-
ological and environmental conditions.

Materials and methods
General methods and strains
Wild-type C. elegans was Bristol N2. Unless noted, experiments were
performed at 20°C. All experiments involving fem-1(hc17); fer-15(b26)
were conducted at 25°C. The following genes and mutations were used:
LG I: daf-16(mu86); LG II: fer-15(b26); LG III: daf-2(e1368), daf-2(e1370),
daf-2(m577); LG IV: fem-1(hc17), par-4(it47); LG X: aak-2(ok524).

Gene identification and sequencing
We identified two C. elegans AMPK � subunits (aak-2/T01C8.1 and aak-
1/PAR2.3) in WormBase (http://www.wormbase.org, release WS98) by
BlastP search with the protein sequences of the human subunits. We
confirmed the sequence of aak-2. The ok524 allele of aak-2, generated by
the C. elegans Gene Knockout Consortium (http://www.celeganskocon-
sortium.omrf.org), contains a 409-nucleotide deletion between exon 3
and intron 3, resulting in the insertion of a stop codon. The predicted
transcript encodes a protein that truncates after amino acid 164 and,
therefore, lacks a complete kinase domain as well as the inhibitory and
AMPK��-binding domains (Supplementary Fig. 1). Therefore, the ok524
allele is presumed to be a molecular null.

Construction of strains
Double mutants were constructed by crossing aak-2(ok524) males to the
hermaphrodites with the desired second mutation, allowing individual
F1 progeny to self-fertilize, then identifying F2 animals with the pheno-
type corresponding to the second mutation, transferring these animals to
individual plates and identifying aak-2(ok524) homozygotes among their
progeny by PCR using primers ATGTCGTTGGAAAGATTCGC and
CAATGCTGAGGTGACTTCCTCTTCG. The 27°C Daf-c phenotype
was used to identify daf-2 mutants. daf-16(mu86) and daf-16(+) were
distinguished by PCR (Lin et al. 1997). daf-2(e1368); par-4(it47ts) double
mutants were constructed following a similar scheme, starting with par-
4(it47ts) heterozygous males. par-4(it47) homozygotes were identified as
animals whose progeny were all Emb at 25°C.

Transgenic animals
Transformation rescue was performed using microinjection of 100 ng/mL
PCR-amplified DNA fragments to generate extrachromosomal arrays.

Table 1. Ratios of adenine nucleotides

Genotype Mean ADP:ATP ratio ± SD Mean AMP:ATP ratio ± SD n Energy charge

Wild type 0.069 ± 0.011 0.020 ± 0.004 15 0.95 ± 0.01
daf-2(e1370) 0.068 ± 0.009 0.023 ± 0.002 8 0.95 ± 0.01

n is the number of independent trials. No difference in ADP:ATP or AMP:ATP ratios was observed among groups (P > 0.1, unpaired
t-test). Energy charge is equal to (ATP + 1/2 ADP)/(ATP + ADP + AMP) and represents the extent that adenine nucleotides exist as
high-energy phosphates.

Figure 4. Interactions between aak-2 and insulin-like pathway mu-
tants. (A) Effect of aak-2(ok524) on the lifespans of daf-2 and daf-16
mutants. For statistical data see Supplementary Table 1. (B) Role of
aak-2 on dauer formation. *P < 0.0001 compared with daf-2(e1368)
(ANOVA). Bottom panels show that wild-type animals and aak-
2(ok524) mutants do not form dauers at the temperatures tested.
aak-2(RNAi) also suppresses the dauer-constitutive and lifespan ex-
tension phenotypes of daf-2(e1368) mutants (data not shown). (C)
Model. AAK-2 regulates lifespan in response to changes in the
AMP:ATP ratio and insulin-like signals.
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The aak-2 genomic fragment, generated using primers TGGGATTCC
GTCAAAGAAGGACATG and AACAGAAACAATCACTCGCTGAA
GG, contains 3.0 kb and 1.2 kb of DNA upstream and downstream,
respectively, of the aak-2 coding sequence. This transgene fully rescues
the dauer-defective and lifespan phenotypes of daf-2(e1368); aak-
2(ok524) double mutants. The cc�GFP construct (provided by P. Sen-
gupta) expresses GFP in the coelomocytes and was used as a transforma-
tion marker. The AAK-2–GFP construct was generated by PCR-fusion of
the aak-2 genomic region and a GFP cDNA with an unc-54 3� UTR from
pPD95.77, using primers GAAGAGATGAAAAGAGTGGCGGTATG
CC, AGGGTCCTCCTGAAAATGTTCCCGAGCCAGTGTTCCAATC
AATGC, GCATTGATTGGAACACTGGCTCGGGAACATTTTCAGG
AGGACCCT, and AAGGGCCCGTACGGCCGACTAGTAGG as de-
scribed (Hobert 2002). daf-2(e1368); aak-2(ok524); fyIs2[AAK-2–GFP 100
ng/mL] was generated by integration of the extrachromosomal array by
irradiation with ultraviolet light (254 nm) and out-crossed four times to
wild type. fyIs2 fully rescues the Daf-d phenotype of daf-2(e1368); aak-
2(ok524) at 25°C.

Kinase assays
About 10,000 fyIs2 animals were lysed using a 30-sec pulse from a soni-
cator in 250 µL of IP buffer (50 mM Tris at pH 7.5, 50 mM NaCl, 50 mM
NaF, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 5 mM sodium pyrophos-
phate, 1mM PMSF, 10 mM � glycerophosphate, 1 mM NaVO4, and a
protease inhibitor cocktail [Roche]). Approximately 1 mg of protein ex-
tract was incubated with rabbit polyclonal anti-GFP antibody ab290 (Ab-
cam) and immunoprecipitated with protein G Sepharose beads (Amer-
sham) in IP buffer. Immune complexes were collected by brief centrifu-
gation and washed extensively in IP Buffer. AMPK activity in the
immunoprecipitates was determined by phosphorylation of the SAMS
peptide (HMRSAMSGLHLVKRR) as described (Hardie et al. 2000) using
[�-33P] ATP and counted in a MicroBeta TriLux liquid scintillation
counter (PerkinElmer). Autoradiography of the kinase reactions resolved
by SDS-PAGE confirmed that the SAMS peptide was phosphorylated.
When appropriate, immunoprecipitates were dephosphorylated with 0.5
units of recombinant rabbit protein phosphatase-1 (NEB) for 30 min at
30°C and then washed three times in IP buffer before the SAMS assay.

Lifespan assays
Lifespan assays were performed as described (Apfeld and Kenyon 1999).
At the L4 molt, animals were transferred to plates containing 20 µM
5-fluoro-2�-deoxyuridine (FUDR, Sigma), which kills their progeny as
embryos. Control experiments indicated that this concentration of
FUDR does not significantly affect lifespan. We used the L4 molt as t = 0
for lifespan analysis. Life expectancy at each age was calculated as the
remaining mean lifespan of the animals that were alive at that age. As-
sessment of viability and movement was performed as described (Hern-
don et al. 2002). We used JMP 5.0 (SAS) software to carry out all statis-
tical analysis and to determine means and percentiles.

Nucleotide measurements
Perchloric acid extracts were obtained by adapting the method reported
by Stocchi et al. (1985) to C. elegans. Between 100 and 400 hand-picked
live worms were washed with M9 buffer (22 mM KH2PO4, 34 mM
K2HPO4, 86 mM NaCl, 1 mM MgSO4 in H2O) and resuspended in 20 µL
of M9 buffer. Forty microliters of ice-cold 8% (v/v) HClO4 was added and
immediately followed by three intervals of 30 sec of sonication and 30
sec on ice. The solution was neutralized with 1 N KHCO3 and centri-
fuged briefly, and the supernatant was passed through a 0.2-µm filter
(Nanosep), and subjected to reversed phase chromatography using a Targa
C18 250 × 4.6 mm 5-µm column as described (Stocchi et al. 1985).
Nucleotides were detected at 260 nm with a Waters 486 tunable detector.
Peak areas were measured using Peak Explorer software. Nucleotide
identities were confirmed by comigration with known standards. Unless
noted, animals were 1-d-old adults.

Other assays
Dauer assays, high-temperature treatment, measurements of brood size,
and behavioral assays were performed as described (Lithgow et al. 1994;
Apfeld and Kenyon 1999; Feng et al. 2001). Starvation was performed by
transfer to bacteria-free, peptone-free plates. Treatment with 1 mM so-
dium azide was performed by transfer to plates with the compound. Gut
fluorescence was photographed on the focal plane of the lumen with a

DM505 filter on a Nikon E800 microscope. Average intensity was deter-
mined with Metamorph 6.1r1 software.
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